Abstract. Ground-penetrating radar (GPR) signals from concrete structures are affected by several phenomenon, including: (1) transmission and reflection coefficients at interfaces; (2) the radiation patterns of the antenna(s) being used; and (3) the material properties of concrete and any embedded objects. In this paper we investigate different schemes for determining the electromagnetic (EM) attenuation of concrete from measured signals obtained using commerciallyavailable GPR equipment. We adapt procedures commonly used in ultrasonic inspections where one compares the relative strengths of two or more signals having different travel paths through the material of interest. After correcting for beam spread (i.e., diffraction), interface phenomena, and equipment amplification settings, any remaining signal differences are assumed to be due to attenuation thus allowing the attenuation coefficient (say, in dB of loss per inch of travel) to be estimated. We begin with a brief overview of our approach, and then discuss how diffraction corrections were determined for our two 1.6 GHz GPR antennas. We then present results of attenuation measurements for two types of concrete using both pulse/echo and pitch/catch measurement setups.
INTRODUCTION
This is the third paper in a series [1, 2] dealing with ground penetrating radar (GPR) studies conducted at the Center for Non-Destructive Evaluation (CNDE). The long-range goal of the work is to develop simulation tools that can be used to predict GPR signals, optimize inspections, and assess inspection reliability. There are four main thrusts to the research: (1) familiarization with the operation and idiosyncrasies of our commercial GPR instrument and antennas; (2) development of software tools to process raw GPR data; (3) development and testing of pitch/catch and pulse/echo methods to measure material properties (such as EM wave speed and attenuation) which influence GPR inspections; and (4) development of forward models of the GPR inspection process. The present paper focuses on the measurement of attenuation with an emphasis on beam-spread corrections.
The equipment we use is described in detail in Ref. [2] , and consists of a commercially available GPR instrument
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Bow-Tie antennas Bow-Tie antennas and several associated antennas manufactured by Geophysical Survey Systems, Inc. (GSSI). The GPR antennas available at CNDE are pictured in Fig. 1a . Of these, the two 1.6 GHz antennas are most appropriate for the inspection of concrete structures having thickness of about a foot or less. As shown in Fig. 1b , each GPR antenna (or more accurately "antenna housing") actually contains two separate bow-tie antennas: one for signal transmission (T) and one for reception (R). We use the terms "pulse/echo" (P/E) and "pitch/catch" (P/C) to refer to inspections which use one or two antenna housings, respectively, as illustrated in Fig. 1c . Because of the dual-bow-tie nature of each antenna P/E measurements are complicated by the appearance of "direct-coupled" signals in which EM energy travels directly from the transmitter the receiver. Many setups can be used to measure the EM attenuation of a test specimen, and some of these are pictured in Fig. 2a . In general, we compare two or more signals whose difference depends in part on the attenuation of the test specimen. These signals may be obtained from the test specimen alone (e.g., reflections from the front and back surfaces), or from different specimens (e.g., the test specimen and a reference specimen). When comparing the two signals, we make corrections for interface losses, beam spread, and differences in equipment amplification levels. Any remaining difference between the two signals is then assumed to be due to attenuation, allowing the unknown attenuation of the test specimen to be deduced. We typically quantify attenuation using units of decibels of signal amplitude loss per inch of travel (dB/in). In deducing attenuation we make use of model-based expressions which are the GPR analogues of those used in ultrasonic measurement [2] . As illustrated in Fig. 2b , the observed response for either the "reference" or "test" measurement is written as a product of four factors which, respectively, account for the measurement system efficiency, losses at interfaces, and losses due to beam spread and attenuation. Strictly speaking, the approach of writing the observed response as a product of four factors applies in the frequency domain where by amplitude we mean the spectral magnitude of the response at some specific frequency. But as we will see the approach can also be used, albeit less accurately, in the time domain where amplitude is interpreted as, say, the maximum peak response of the early-arriving portion of the GPR signal.
BEAM-SPREAD CORRECTIONS
For the 1.6 GHz antenna, the physical dimensions of the bow-tie elements (a few inches) are smaller than a wavelength in air (7.4 inches at the nominal center frequency). Consequently, the radiation pattern for the antenna is not too much different from that of a point source, and spreads rapidly with distance. This spreading or diffraction can have a strong influence on GPR signals and must be accounted for in attenuation measurements. One of the pitch/catch measurement setups we consider is that shown in the upper left portion of Fig. 2a . There the effect of diffraction on the reference signal can be determined using the approach illustrated in Fig. 3 . The two antennas are positioned to face one another with their centers aligned. The pitch/catch GPR signal is then measured for a series of separation distances with one antenna (A or B) acting as the transmitter and the other as the receiver. Both measurements (A→B and B→A) can be performed together using separate channels of the GPR instrument. A typical measured time-domain signal (A-scan, or "point scan") is shown in Fig. 3b . For attenuation measurements we prefer to work with the early-arriving portion of the GPR signal since this tends to be less effected by reverberations within layers and other later-arriving spurious signals. When computing spectral components of signals we apply a windowing function to the early arriving portion. We follow the method of Ref. [3] where a Hanning window (cosine bell window) is used. The duration of the windowing function is fixed at approximately 8 times the separation between the dominant positive and negative peaks of the early-arriving portion of the signal, and the window center is placed at the intervening zero-crossing time. The effect of windowing is demonstrated Fig. 3b for one case. Figure 3c shows computed spectra of windowed signals obtained for a range of antenna-toantenna separation distances. The intent was to increase the separation distance by 3 inches between measurement trials, but the actual spacing varied somewhat. The antennas were each attached to rolling tables. It proved easiest to shift one table by an approximate amount, check antenna alignment, and then accurately measure the resulting separation. As can be seen in Fig. 3c , the measured response at a given frequency, falls steadily with increasing antenna separation. However, the rate of fall is smaller at higher frequencies where the radiation pattern of each antenna is more directed and less like that of a point source. For a given frequency, the spectral magnitude can be plotted as a function of separation distance as shown in Fig. 3d for the 1.6 MHz component. Because attenuation in air is very small here, the response drop off seen in Fig. 3d can be wholly ascribed to beam spread. For the purpose of applying beam-spread corrections when we later deduce the attenuation of concrete specimens, it is convenient to replace measured data with a simple fitted function. Here we have chosen a functional form taken from a UT analogy, namely that of two identical Gaussian-profile transducers separated by a distance Z in a non-attenuating fluid. For that case, the diffraction correction, normalized to 1 at zero separation, has the form (assuming paraxial approximations).
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Here the parameter Δ, with units of length, serves as a frequency-dependent fitting parameter. In the UT analogy Δ increases with both frequency and transducer diameter. Although this form is not expected to apply exactly in our GPR case, it does have the proper 1/Z asymptotic fall-off rate at large Z, as well as the ability to incorporate different fall-off rates at different frequencies. In practice it was found to do an adequate job of summarizing the measured data, as the example in Fig. 3d indicates. Within the bandwidth of our measurements, the best-fit value of delta was found to increase steadily with frequency in the manner shown in Fig. 3e . Minor differences were seen in 
the measured signals depending on which antenna (and its associated powering circuitry) was used as the transmitter and which as the receiver. These A→B and B→A signal differences led to minor differences in fitted Δ values as indicated in Fig. 3e where the plotted point is the average of the two delta values and the error bar is their difference. Of course Eq. (1) and the associated Δ power law only apply directly to GPR beam spread in air. To compute beam spread factors for layered structures (such as antenna/air/concrete/air/antenna), we use a paraxial approximation based on Snell's Law of Refraction as illustrated in Fig. 4d . We assume that beam spread rates in different media are proportional to the wave speeds in those media. For example if the EM wave speed in concrete (vc) is three time smaller than that in air (va), the lateral spread rate during propagation is then three times smaller in concrete than in air. Thus the lateral spread that occurs while traversing 6 inches of concrete would be the same as that seen while traversing 2 inches of air, other factors being equal. Under this approximation we assume that the effect of traversing Za inches of air and Zc inches of concrete (in any order) is equivalent to traversing Za +Zc(vc/va) inches of air alone. This stratagem allows us to compute diffraction correction factors for multi-layer structures from the "air only" formula of Eq. (1).
Beam-spread factors can also be measured using a pulse/echo setup, as illustrated in Fig. 4a . One reflects the broadcast field from a large planar reflector oriented at normal incidence. In our case a large aluminum plate was set upon the floor and the antenna was aimed downward at it. One complication in pulse/echo measurements is the presence of the direct-coupled signal (Fig. 1c) which will partially overlap some or all of the signals of interest. This problem can be circumvented by separately measuring the direct-coupled signal and then subtracting it from other measured signals, as illustrated in Fig. 4b . To acquire the direct-coupled signal we rotated the antenna 180 degrees so that it pointed upwards toward the ceiling some 6 feet away, guaranteeing there would be no large reflected signals within the first 12 nanoseconds following the direct-coupled signal. One comparison of beam spread effects measured by different methods is shown in Fig. 4c . There we plot the early positive peak amplitude of each measured signal as a function of the total travel path through air, Z. There are four curves shown corresponding to P/E measurements using antennas A and B in turn, and P/C measurements for A→B and B→A. Each curve has been normalized to have a common value at Z = 18 inches. Modest differences were seen in the behaviors of the two antenna housings (and their associated circuitry) with regard to the appearances and amplitudes of measured signals. But the effects of these differences on beam-spread factors was judged to be was relatively small. The same functional form used to fit single-frequency data (Eq. (1)) can be applied to the broadband data in 
ATTENUATION MEASUREMENTS FOR CONCRETE PATIO BLOCKS
Having measured beam spread factors in air for our antennas, it is now relatively straightforward to determine attenuation values for flat concrete specimens if some reasonable approximations are adopted. We demonstrate this using a set of four nominally 16" x 16" x 2" concrete patio blocks obtained from a local home improvement store. Because the attenuation in these blocks is quite low (< 0.5 dB/inch), beam spread effects must be treated if accurate results are desired. The pitch/catch measurement setup we used is shown in Fig. 5a . The two antennas were positioned 24 inches apart, and four abutting patio blocks were placed between them. Three trials were conducted in which the air gap between block #1 and antenna A was 0, 3, and 8 inches respectively. For each trial GPR data was gathered as the blocks were removed one at a time beginning with the block furthest from antenna A (block #4 in Fig. 5a ). For the trial using the 3" gap, Fig. 5b shows three of the five measured GPR signals, and indicates the early-arriving peak positive amplitude points used for quantifying signal arrival times and amplitudes. As the blocks are removed, the through-transmitted signal arrives earlier and its strength increases. The arrival times and amplitudes are plotted in Figs. 5b and 5c, respectively. Because the speed of EM waves in concrete (vc) is slower than that in air (va), an increase of Δz in the thickness of concrete traversed (and corresponding decrease of Δz in the thickness of air traversed) causes a delay in signal arrival time of Δt = Δz/vc -Δz/va. Thus from the slope of the best-fit straight line in Fig. 5c and the known block thickness (2.09 inches) we can estimate the wave speed in concrete. An average over all trials yielded <vc>= 5.301 in/ns for the patio block wave speed, and a corresponding index of refraction of nc = va/vc = 2.226. Having determined the refractive index of concrete patio blocks we can now use the standard plane wave formulas to estimate reflection and transmission coefficients at air/concrete interfaces (see Ref. [2] ). In doing this we assume that a group of N abutting blocks behaves as a single block of thickness NΔz, and hence we are primarily interested in the product of transmission coefficients Ta→c Tc→a = 4 nc /(1+ nc ) 2 which governs the overall effect of transmission losses when one or more patio blocks are present. In Fig.  5d , two sets of amplitudes are shown, those measured (circles) and those expected if the attenuation of concrete were zero (squares). The latter were computed by beginning with the measured amplitude for the no-block case, and making corrections for the interface loss factor (Ta→c Tc→a = 0.855) and for beam spread (using Eq. (1) There we have used the one-block signal as a reference so as to not require knowledge of the effective transmission coefficient at the interface between the abutting antenna housing and the first block, since this coefficient is then common for measurements with 1, 2, 3, or 4 blocks present. As in earlier Fig 3b, an equivalent Hanning window was used to isolate the early-arriving portion of each signal prior to the zero-padding and FFT computations used to determine spectral magnitudes. The red points in Fig. 5f result from a comparison using only the one-block and two-block signals. The black points signify an average over three gap=0" analyses using 1&2 blocks, 1&3 blocks, and 1&4 blocks, respectively. The deduced attenuation of the patio blocks is seen to rise approximately linearly with frequency and to have a magnitude of about 0.16 dB/inch/GHz.
In examining Fig. 5e one notices less scatter about the trend line for the gap=0" case compared to the gap=3" and gap=8" cases. Hence our use of gap=0" measurements for determining attenuation-vs-frequency. The source of the scatter in Fig. 5e was traced to GPR signals arising from other travel paths which interfered (constructively or destructively) with the primary signal of interest here (direct transmission from transmitter to receiver through any blocks present). This is illustrated in Fig. 6 . There, for various gap choices, a 16"x 16" metal plate was placed on the transmitter side of block #1 to preclude EM waves from traveling directly through the block. However, EM waves could diffract around the block (or reflect from fixtures and other objects in the laboratory) resulting in small received signals. Examples of these spurious signals are shown in Fig. 6 . Although such signals travel longer paths (in air) than signals of interest, they can arrive at the same time as the latter which are naturally delayed by their passage through concrete. Such spurious signals lead to scatter in plots such as Fig. 5e , and to waviness in attenuation-vs-frequency plots (such as Fig. 5f ). The effects of spurious signals tend to be greater for measurements using thick concrete specimens, since the primarily through-the-concrete signals are then weaker and arrive later where spurious signals are more likely to be seen.
ATTENUATION MEASUREMENTS ON CAST CONCRETE BLOCKS
To further assess the utility of applying UT-based attenuation measurement methods to GPR, a second study was initiated using poured concrete blocks. Unlike the patio blocks, the new blocks contained sizeable aggregate particles in addition to sand and cement. By weight, the new blocks were fabricated from a concrete slurry containing 35% limestone aggregate (1/2-inch size), 33% river sand; 23% Holcim Type III cement, and 9% water. This mixture was cast into four blocks having nominal dimensions of 16" x 16" x Z, with Z equal to 2", 4", 6" and 8" respectively. The blocks were cured for two weeks prior to the measurements described here. Thus far only the 2" and 4" blocks (having average thicknesses of 2.14" and 4.21") have been examined using GPR.
The attenuation measurement setups used to examine the cast blocks are indicated in Fig. 7a . All are analogues of setups commonly used for water-immersion UT attenuation measurement. In the first P/E setup (P/E-1) one compares the front-wall (FW) and back-wall (BW) echoes from the cast test block. In the second P/E setup (P/E-2) one compares the BW echo from the cast block to that of a reference block, in our case a patio block (or pair of abutting patio blocks) of the same nominal thickness. In the third setup (P/C) one compare early-arriving throughtransmitted signals for cast and reference blocks of similar thickness. In each case our standard Hanning window is applied to the signal in question, the FFT of the windowed signal is computed, and the resulting spectral amplitudes are corrected for the effects of beam-spread, losses at interfaces, and the attenuation of the reference patio block (if used). Thus from the two signals being compared one deduces the attenuation of the cast block at frequencies within the useable bandwidth of the GPR equipment. One also requires an estimate of EM wave speed in the cast concrete. This was estimated from the arrival times seen in P/C measurements with and without the cast block present, leading to an average wave speed of 3.650 in/ns and an associated refractive index of nc = 3.234. For the P/E GPR measurements we adopt one modification generally not used in UT measurements. Rather than using BW echoes as directly measured for the setups of Fig. 7a , we use what are termed "enhanced back-wall" (EBW) echoes. These are obtained by placing a 16" x 16" metal plate in contact with the back-wall of the test or reference block, as shown in Fig. 7b . One acquires a GPR signal without the plate, then one with the plate, and then subtracts the latter from the former. This subtraction acts to: (1) remove signals not arising from BW reflections; and (2) enhance the strength of the BW signal. The latter occurs because the "without metal" and "with metal" signals are 180 degrees out of phase. The raw BW signals with and without metal present are proportional to their respective reflection coefficients, namely Rc→a = (nc-1)/(nc+1) = 0.528, and Rc→m = -1 respectively. The enhanced BW echo is consequently proportional to Rc→a -Rc→m = 1.528. The signal subtractions used to obtain enhanced back-wall echoes are illustrated in Fig. 7c for one case. The subtraction leading to EBW signals automatically removes the direct-coupled signal. To obtain FW signals for use in P/E method 1, the direct-coupled signal must also be subtracted. Again this is done by subtracting the signal acquired with no blocks present and the antenna pointing away from any laboratory structures. For P/E measurements, we used a (nominal) 3"-separation between the antenna and the concrete block to allow a relatively clean observation of the FW echo. Figure 8 summarizes the deduced attenuation values for the 2" and 4"-thick cast blocks. Three curves are shown for each block corresponding to the three methods indicated in Fig. 7a . The attenuation curves are expected to be most reliable near the centers of the bandwidths of the signals used in the analysis (Fig. 8a) , namely from about 0.5 to 2.5 GHz, but we have shown results for a wider range in Fig. 8b . In the ideal case, assuming both specimens to be equally cured and rigorously correct measurement procedures and analyses, the six curves in Fig. 8b would exactly overlap. This is only approximately the case for the methods and approximations used here. Different methods give somewhat different results, although the general trends are very similar. Some of the departures from the norm can be traced to specific causes. For example, for the pitch/catch measurement on the 2" block [P/C (2")], the pronounced wiggles are apparently due to interference between the signal transmitted through the block and one diffracted around the block. On average, near the nominal center frequency of 1.6 GHz, the attenuation of the cast blocks was found to be about 10 times that of the patio blocks. One peculiarity in Fig. 8b concerns the lowfrequency behavior of the curves. One expects the attenuation to trend to zero at zero frequency, but this behavior is not evident. It may be that the attenuation of the cast material drops rapidly to zero below 0.5 GHz. More likely, there is some systematic effect present resulting from the approximations and analyses used here which causes deduced attenuation curves to shift upward. Systematic errors may spring from details of our use of Hanning windows to isolate signal attributes, as such windowing is not typically needed in ultrasonic attenuation measurements where FW and BW signals are generally well-resolved and spurious signals are not present.
SUMMARY
We are working to apply UT attenuation-measurement techniques to ground-penetrating radar. We are using commercial GPR equipment, without auxiliary horns or other waveguides attached to the antennas, in the hope that our methods (as they mature) can be applied more easily in the field. Early results are promising but more work is needed to explore error sources and the accuracy of the approximations being used. Spurious echoes arise easily due to the broad radiation patterns of the antennas and the finite size of concrete laboratory specimens. More work is required to locate optimal inspection setups where spurious signals are limited (or measured and subtracted), but key echoes remain readily observable. Thus far we have neglected signals resulting from reverberations within air layers or the concrete blocks, and modeling efforts which incorporate such signals must be explored. We hope to eventually be able to make routine attenuation measurements in the field, for example, deducing concrete attenuation-vs-frequency curves from back-wall echoes or rebar echoes. That capability will allow us to track attenuation changes over time as a possible indicator of concrete aging and deterioration in civil structures. Attenuation of 2" and 4" Cast Blocks P/E1, 2" P/E1, 4" P/E2, 2" P/E2, 4" P/C 2" P/C 4"
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